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. Polynitrogen Chemistry. Synthesis, Characterization, and Crystal Structure of

Surprisingly Stable Fluoroantimonate Salts of N5
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Abstract |

The ner -N,5+ salt, Ns"SbFs’, was prepared from lTéFSbFs- and HN; in. anhydrous
HF solution. The white solid is surprisingly stable, decomposing only at 70. °C, and is:
relatively insensitive to impact. Its 'vibrational spectrum ‘exhibits all nine fundament_als
with frequencies that are in excellent agréement ‘with the theoretical calculations for a

five-atomic V-shaped ion of Cyy Symmetry. The N5*Sb,Fy;” salt was also prepared and its

- crystal structure was determined. The geometry previously predicted for free gaseods Ns*

from theoretical calculations was confirmed within experimental error. The SboFi,
anions exhibit an unusual geometry with éclipsed SbF, groﬁps due to inter-ionic bridging
with the Ns* cations. The Ns™ cation is a powerful one-electron oxidiéer. Its electron
affinity falls between 11».‘0 and 12.08 eV because it readily oxidizes NO to NO* and NO,

to NO,* but fails to oxidize Xe or Os.




Introduction

The recent discovery of Ns*AsFs as a marginally stable compound thét can be
prepared on a macroscopic scale is quitevremarkable.1 It representéd orﬂy the third readily'
accessible ‘homoleptic polynitrogen compound besides N, and N3 and as. such has
received much public acclaim.” Since NsAsF is only marginally stable and had given rise
to some exvplbsions,l it was of great interest to search for more stable Ns* salts in ordér to
allow a more thorough characterization of this fascinating cation and to provide a suitable
starting material for the pursuit of nitrogen allotropes. In this paper, the synthesis and

characterization of surprisingly stable fluoroantimonate salts of Ns* and the crystal

structure of Ns*Sb,Fy;” are reported.

Experimental

Caution! HN;, . azides and polynitrogen compounds are highly endothermic and can
decompose explosively. They should be handled only on a small scale with appropriate
safety precautions (face shields, leather gloves, and protective clothing). Condensation of

neat HN; at — 196 °C into Teflon ampoules containing oxidizers has repeatedly resulted

in explosions upon condensation or melting of the HNj.

Materials and Apparatus. All reactions were carried out in % inch o. d.. Teflon-
FEP or -PFA ampoules that contained Teflon coated magnetic stirring bars and were
closed by stainless steel valves. Volatile rnaterials;were handled on a stainless steel /
Teflon-FEP vacuum line.’ Nonvolatile solids were handled in the dry nitrogen

atmosphere of a glove box. HN3 was generated and handled on a Pyrex glass vacuum line
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equipped with grease-free Kontes glass-Teflon valves. Infrared spectra were recorded on
a Mattson Galaxy FT-IR spectrorﬁeter gsing dry ‘powdcrs pressed between AgCl
windows in an Econo press (Barngs Engineering Co.). Raman spectra were recorded on a
Bruker Equinox 55 FT-RA spectrometer using a Nd—Yég l'as‘er at 1064 nm and Pyrex
melting point capillaries as sample containers. The thermal stabilities were determined
using a DuPont Model 910 DSC, crimp-sealed aluminum pans as sample containers, and

heating rates of 3 °C/min. The data were recorded and analyzed with a DuPont Model

2000 thermal analyst. Impact sensitivities were measured on an Olin Mathieson drop
weight tester standardized with RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine, 30 kg-cm,
50 %).
| The N2F+ SbF¢ anszP*szFu' starting. mateﬁals were prepared from cis-N,F
and SbFs in anhydrous HF solution as ‘previously described.*” The HF (Matheson Co.)
was. dried by storage over BiFs (Ozark Mahoning).s‘. The NO and NO, (Matl;eéon Co)
were purified by fractional condensation prior to their use. The O, and Xe (Matheson Co) -
were used as received. The preparation of HN; has previously been described.’
Preparation of Ns'SbF¢. A Teflon ampoule, equipped with a stainless steel
valve and containing a Teflon-coated magnetic sﬁrring bar, was passivated with CIF;. It
was attached to the metal vacuum line/ and treated several times with anhydrous HF until
no color was observed upon freezing the HF at -196 °C. It was thén loaded with
N2F+SBF6' (4.97 mmol) in the glove box and attached to the metal vacuum line. The

ampoule was evacuated and cooled to ~-196 °C. Anhydrous HF (~2 mL) was then

condensed into the ampoule and its contents were allowed to warm to ambient

temperature with occasional stirring. After all the NoF SbFg™ had dissolved, the ampoule




was re-cooled to -196 °C and some additional neat HF was condensed onto the upper

walls of the tube where the HN; was going to be frozen out. The cold ampoule was then

connected to the glass line, and HNj (5.00 mmol) was added slowly at =196 °C. The

reaction mixture was allowed to warm slowly behind a safety shield to room temperature
and kept at this temperature for about 45 min. The volatile materials were removed by
pumping for several hours at 20 °C, leaving behind a white powder (1.502 g, weight
caled for 4.97 mmol of N5SbFs = 1.520 g) that was identified by its vibrational spectra as
N5SbFe.

This reaction was also carried out by first condensing HNj; at ~196 °C into a
prepassivated and preweighed Teﬂon ampoule containing a known amount of HF'. The
resulting rﬁixture was homogenized at ambient temperature. The ampoule was taken into
the glove bbx, where a stoichiometric amount of NQF*Sng was added at ~196 °C. The
cold ampoule was attached to thé metal vacuum line and evacuatéd. Subsequent slow

- warming of the reaction mixture to room temperature for about 30 min, followed by
- removal of all volatile material resulted in the isolation of N5*SbFs” in >99% yield.

Preparation of N5*Sb,F1;". Freshly distilled SbFs (i,.449 mmol) was added in the

glove box to a prepassivated Teflon-FEP ampoule, and HF (1.9 mL liquid) was added on

the metal vacuum line at —-196 °C. The mixture was homogenized at room temperature
and taken back into the glove box. The ‘arnp_oule was cooled inside the glove box to ~196
°C and opened, and N5+SbF6' (1.444 mmol) was added. The resulting mixture waé
allowed to warm to room temperature, and all volatile material was pumped off. The
" white solid residue (758 mg, weight calcd. for 1.444 mmol of 'N{'SEZFH' =755 mg) wés

shown by vibrational spectroscopy to consist of Ns*Sb,F;".




Reactions of N5*SbF with NO, NO,, O, or Xe. Iﬁ a typical experiment, 2.5
inch Teflon-FEP ampoule, that was closed by a Teflon valve, was loaded in'the dry-box

with N5 SbFg’ (.53 mmol) . On the vacuum line, NO (4.2 mmol) was added at =196 °C

- and the contents of the ampoule were allowed to warm slowly with intermuttent cooling
to room temperature. After keeping the ampoule for 2 hr at room temperature, it was

cooled back to =196 °C and the volatile gas (1.34 mmol of N;) was measured and

pumped off. The amount of unreacted NO was measured (3.6 mmol) and pumped off at
room tempefature, leaving behind .53 mmol of NO'SbFg that was identified by
vibrational Spectroscopy. |

In a similar manner, N5*SbFs was found to react quéntitatively with NOZ, but no feaction
was observed with either Xe or O.

Crystal structure determination of N5'Sb,Fy;. About 1 mL of anhydrous SO,
was condeﬁsed onto 0.200 g of N5SbFs at —196 °C in a ¥ inch o. d. sapphire tﬁbe (Tyco
Corp.) closed by a stainless sieel valve. The contents of the tube were wafmed to =78 °C
causing all of the NsSbFs to dissolve and form a pale yellowish solution. Anhydrous
SO,CIF (~1.5 mL) was then slowly condensed onto this solution under vacuum. The
solvents were then slowly removed under a static vacuum at —64 °C over a period of ~16
hours leaving behind plate-like colorless crystals. These crystals were extremely reactive
to perfluoropolyether oil and showed an instantaneous evolution of nitrogen gas. The
majority of the crystals were very soft and difficult to handle, but a few crystals appeared
to exhibit a different habit and better mechanical strength. One of these crystals was
immersed in halocarbon grease and mounted on the goniometer head using a precentered

‘Nylon Cryoloop equipped with a magnetic base. The structure of the salt was determined




using a Bruker diffractometer equipped with a CCD detector and a low temperature, LT3,
device. The 3-circle platform with a fixed y-axis was controlled by the SMART’

software package. The unit cell parameters were determined at —60 °C from three runs of
data with 30 frames per ruﬁ using a scan speed of 30;seconds per frame. A complete
hemisphere of data.was collected, using 1271 frames at 30 sec/frame, including 50
frames that were collected at the beginning and end of the data collection to monitor
crystal decay. Data were integrated using the SAINT'" software package, and the raw
data was cc;rrected for absorption using the SADABS"! program. The absence of h+k=
odd and 40! reflections (I = odd) shows the presence of a C-éentered lattice and a c—‘gh'de
élane parallel and perpendicular to the b-axis, respectively, indicating Cc or C2/c. as the -
likely space groups. The intensity statistics, E_2-1 values, indicated a centrosymmetric
space group thereby excluding Cc as a possible space group. The space group was thus
unambiguously~assi'gné_d" as C2/c. The structure was solved by the Patterson method
using the SHELXS-97' program and refined by the least squares method on F* using
SHELXL-97." The initial Patterson map revealed the position of the two Sb atoms linked
by a fluorine atom. bThe remaining atoms were located from subsequent difference
electron density maps and finally refined anisotropically by the least-squares method on
F? using the SHELXTL' 5.1 software for Windows NT. The crystal did not show any
significant decomposition _durjng the data collection. The experimental and refinement

parameters, and the atomic coordinates and thermal displacement parameters are listed in

Tables 1 and 2, respectively.




Results and Discussion

Synthesis and Properties of N5*SbFs. The synthesis of Ns"SbFg wbas
carried out in the same manner as previously repoArted1 for N5+AsF6" by reacting
N,F'SbFs” with HN; in anhydrous HF solution at -78 °C, followed by removal of the
volatile prqducts at room temperature. '

N,F'SbFs  +  HN; —— > N SbFy +  HF
The yield of N5s"SbFs is essentially quantitative and the product purity is high. It is-
essential that the reaction S};stein is completely anhydrous as water hydrolyzes the Ns*
salt generating free SbFs which in combination with HF protonates HN3 under formation
of H,N3*SbFs." |

”fhe N;s*SbFs salt is a colorless hygroscopic solid that is stable at ambient
temperature and, based on the DSC data, staﬁs to decompose at 70 °C. It is surérisingly
insensitive to impact. Even at the maximum setting of our apparatus (200 kg-cm), only
Aparcial thermal decomposition due to adiaBatic heating of the sample but no éxplosions
were observed. The salt is soluble in and compatible with HF, SO,, and CHF;.

The oxidizing properties of Ns'SbFs were examined in the solid state and in HF
solution by exposing it to 2 atmospheres of either oxygen or xenbn gas between -78 °C
and ambient temperature. No oxidations to O," and Xe,", respectively, were observed
under these conditioﬁs, showing that the electrqn affinity of Ns* is lower than the first
ionization potential of xenon (12.08 eV), i. e., N5* is a weaker oxidizer than either PtF,
that can oxidize Oz to O," '® or O," that can oxidize Xe to Xe," under similar
conditions.'™'® In spite of the first ionization potential of N, (15.51 eV) being 3.01 eV

higher than that of O, (12.5 cV),‘the electron affinity of Ns* is lower than that of O,




because in Ns* the positive charge is spread over a larger number of atoms, thereby
decreasing its oxidizing power. However, it was found that N5* can quantitatively oxidize

either NO (1. IP =9.5eV) or NO, (1. IP = 11.0 V) according to:

NO. + N5*SbF¢ —————— NO'SbFs + 25N,
. and

NO, + N5+SbF5- NO;SbF{ + 2.5 N,
EEEEE——

. Therefore the electron affinity of Ns5* must have a value between 11.0 and 12.08 eV,
rendering it a very strong one-electron oxidizer. Although it is not quite as powerful as
PtFs or O," salts, it offers the great advantage of not acting as a ﬂﬁorinating or
oxygenating agent, which can be a very important consideration when dcaling with
substrates that are easily fluorinated or oxygenated.

Ongoing studies in our laboratory show that the potential hazards of handling neat
HNj3 in the synthesis on Ns* can be avoided by either replacing HN3 with the insensitive
(CH3)3SiN; or generating the desired HNj from a weighed amount NaN; and excess HF
in a separate ampoule and transferring all volatiles into the reaction vessel containing an
HF solution of NF'SbFs . The reactions with (CHj3);SiN; are carriéd out in either HF or
SO, solution and produce Ns* in high yield. When HF is used as the solvent, the first
reaction step most certainly involves the formation of (CHs)3SiF and HN3, i. e., HNj; is

generated in situ in the reactor.




Synthesis and Properties of N5'Sb,F;". To preclude a potential side reaction of
SboF);” with HF and HN; to give SbFs and H,N; SbFs, a sample of Ns'SbFs was

reacted with an equimolar amount of SbFs in HF solution at room temperature.

N5*SbFq + SbFs ———» N5*ShyFyy

The resulting Ns"Sb,Fy;” salt is a colorless solid that is stable at room temperature and
undergoes, according to its DSC data, thermal decomposition at 70 °C, i. e., its thermal
stability is comparable to that of N5*SbFs but, contrary to N5+SBF6', it undergoes a
reversible endotherm (melting) at about 30 °C, Consequently, the repiacement of SbFs by
SboF);” did not result in increased thermal stability and does not appear to offer any
significant advantages for studying the reaction chemistry of N5 salts.

Crystal Structure of N5*Sb,F11". The structure of N5*Sb,F,” is shown in Fig. 1-4
and the important bond lengths and angles are summarized in Table 3. The observed V-
shaped geometry of the Ns™ cation is in excellent: agreement with the theoretical
predictions' for the free gaseous Ns* cation at the B3LYP level of theory with the
calculated terminal and central N-N bond distances of 1.11 and 1.30 A being close to the
observed ones of 1.105(19) and 1.299(19) A, respectively. Furthermore, the terminal N-N
distance of 1.105(19) A in Ns* is only slightly longer than that of 1.089(9) A found for
N,F" in NoF*SbyFy;," and compares wéll with the N-N bond distances of 1.0976(2) A in
N,® and 1...0927 A found in HN,*** indicating that thése bonds approximate triple
bonds. The central N-N bond length of 1.299(19) A in Ns* is somewhat longer than those
found for typical N-N double bonds (1.17 to 1.25 A), but is significantly shorter than

those found for typical N-N single bonds (1.43 to 1.75 A).” Also, the agreement between




calculated [112.3 and 166.7°] and observed [111.2(11) and 167.2(15)°, respectively] bond
angles is very good.

The observed geometry supports the previously given rationale' that the
exceptional stability of N5* is largely due to resonance stabilization, resulting in relatively

high bond orders for all the bonds. The bonding in N5 can be described by the following

three resonance structures:

AN . 'vw 1° | % T

O T TN —— o\
N 4 N Y N
NT % \N/ N ,\N/ \\N9

Although the relative contributions from (I) and the equivalent pair,‘ (II) and (III), are

unknown, the calculated charge distributions at the NBO(B3LYP/aug-cc-pVDZ) level®*

_1@

01D
./N/ \Nsz)
N N33

and the relative shielding of the N-nmr signals (the shielding increases from the terminal
nitrogen to the PB-nitrogen to the central nitrogen in accord with the calculated charge
distributions)' strongly indicate that the terminal and the B-nitrogen atoms carry the

positive charges and the central nitrogen a small negative one.
A least-squares-plane analysis for Ns5* shows that the cation is essentially planar.
The N2 atom exhibits a maximum deviation of 0.11 A from the average mean plane that

shows a root mean square deviation of 0.0058 A. The Ns* mean plane is almost

10




perpendicular (78.1°%) to the plane containing the F5-Sb1-F6-Sb2-F11 atoms. The latter is
also almost perfectly planar and shows a root mean square deviation of 0.014 A.

The geometry of the SboF); anion also deserves a special comment. This anion is
known to possess little rigidity and can exist in either an eclipsed or stéggered
conformation and exhibit a wide range of Sb-F-Sb bridge angles, depending upon' the
counter ion present in the crystal lattice.” The eclipsed conformation is rare but has
previously also been observed for BrF,*Sb,F;"."° In the latter compouhd, the eclipsed
sfructure results from a packing effect in which one equatorial fluorine ligand of each
antimény atom of Sb,Fy;” bridges to a different BrF," cation. Since the two BrF," cations
and the Sb,F|;” anion are coplanér, the bridging equatorial ﬂuQrine'Iigands around the
antimonies become also.coplanar resulting in the eclipsed configuration. The eclipsed
- conformation of the SbgFu'.anion found for Ns"Sb,Fy;” (Fig. 2) is also due to fluorine
bridging but results from Ns* acting as a spacer between the two equatorial SbF, units of
SbyFi” (Fig. 3). In accord with the resonance structureé and the calculated charge

distributions of Ns* (see above), the positively charged B-nitrogen atoms interact with the

negatively charged fluorine ligands forming bridges that are shorter than the sum of the
van der Waals radii of 3.0 A (Figures 2-4). Thus, N2 and N4 straddle the two eclipsed
fluorine atoms, F2 and F8, but since the Ns* plane is not perfectly perpendicular to the
Fax-Sb-F-Sb-Fox plane, the N2-F8 = 2.723(15) A and N4-F2 = 2.887(16) A distances are
somewhat shorter than those of N2-F2 = 3.032(16) A and N4-F§ = 2.993(16) A In
addition, N2 and N4 bridge to two fluorine atoms from other Sb,F,;” anions with N4-F4B

= 2.813(15)',& and N2-F10A = 2.768(15) A. In contrast to BrF,"Sb,F;,", which has an

11




almost linear Sb-F-Sb bridge angle of 175°,19 that of 155.0(4)° in N5+szF“’ is much .
cléser to those usually found for Sb.Fy®
Vibrational Spectra of Ns*. The infrared and Raman spectra of solid N5*SbFs

are shown in Figures 5v and 6, respectively. The experimentally observed frequencies of -
Ns5*SbFs", Ns*SbyoFy;", and Ns*AsFs, together with their assignmeﬁts, are listed ianabie 4.
A comparison of the observed and calculated frequencies and intensities of Ns* is given
in Table 5. As can be seen, the previously missing’ remaining 4 fundamental vibrations
and numerous combination bands of Ns™ have been observed and are in excellent
agreement with the theoretical predictions for point group C,,. The splittings observed for

vg(B2) and Vva(A)) can be accounted for by Fermi resonance. The presence of SboF,”

impurities in the SbFg  salt can be readily detected by Raman bands at 692, 598, and 231
cm’™' and infrared bands at 708 and 497 cm’' that are char_acteristic for Sb,F;;” and do not
overlap with the SbFs bands.

Conclusion

The synthesis and thorough characterization of Ns*SbFs and .N5+Sb2F11'
demonstrate that the Ns* cation can form\ exceptionally stable salts with fluoroantimonate
anions and that these salts are surprisingly insensitive to impact. The Ns* cation is a
powerful one-electron oxidizer with an electron affinity between 11.0 and 12.08 eV while
not giving rise to undesirable fluorination or oxygenation side-reactions. The ready
availability of a stable polynitrogen cation in addition to .the long known azide anion
opens a venue to neutral polynitrogen compounds and may provide the basis for the first

synthesis of nitrogen allotropes.
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Table 1. Crystal data and structure refinement for Ns*SbaFq”

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges |
Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

N5"SbyF;”

F11 N5 Sb2

522.55

2132) K

0.71073 A

Monoclinic

C2/c

a=10.913(8) A ol A< 90°.

b =12.654(8) A /3 A 104.715(18)°.
c=16675(11) A y8=90°
2227(3) A3

.

3.117 Mg/m3

4.995 mm-!

1888

0.26 x 0.10 x 0.05 mm?3

2.51 10 25.35°.

-12«<=h<=13, -15<=k<=15, -20<=l<=17
9125

- 2022 [R(int) = 0.0629]

Sadabs ,

0.7883 and 0.3567

Full-matrix least-squares on F2
2022707/ 164

1.122

R1=0.0678, wR2 =0.1913
R1=0.0785, wR2 =0.2019
0.00026(18)

4329 and -2.102 e.A-3
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (Azx 103) for N5"Sb,Fy1;". U(eq) is defined as one third of the trace of

the orthogonalized UlJ tensor.

X y z U(eq)
Sb(l) 2327(1) 5268(1) 5963(1) 32(1)
Sb(2) 1229(1) 2343(1) 6199(1) 28(1)
F(1) 930(11) 5546(9) 6373(7) 65(3)
F(2) 3187(10) 4839(8) 7017(5) 59(3)
F(3) , 3652(9) 4765(7) 5561(6) 48(2)
F#4) 1368(9) 5453(7) - 4889(5) - 51(2)
F(5) 2906(11) 6638(7) 6101(6) 64(3)
F(6) 1691(8) 3755(6) 5813(5) 43(2)
F(7) -17(9) 3062(8) 6548(6) 53(2)
F(8) ' 2340(9) 2672(7) 7217(5) 50(2)
F(9) 2592(10) 1837(9) 5844(6) 63(3)
F(10) 190(10) 2218(6) 5142(5) 49(2)
F(11) _ 854(10)  1003(6) 6539(6) 59(3)
N(1) 4750(14) 3132(16) 8389(9) 62(4)
N(2) 3965(12) 3518(11) 8581(7) 40(3)
N(@3) 3138(14) 3881(10) 8954(8) 51(4)
N(4) 2229(13) 4376(10) 8441(7) 40(3)
N(5) 1369(14) 4828(13) 8136(8) 52(4)
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Table 3. Bond lengths and angles for N5"Sh,F;;”

Bond lengths (A)

Sb(1)-E(5)
Sb(1)-F(4)
Sb(1)-F(2)
Sb(1)-F(3)
Sb(1)-F(1)
Sb(1)-E(6)
Sb(2)-F(10)
Sb(2)-F(7)

Bond Angles (°)

F(5)-Sb(1)-F(4)
F(5)-Sb(1)-F(2)
F(4)-Sb(1)-F(2)
F(5)-Sb(1)-F(3)
F(4)-Sb(1)-F(3)
F(2)-Sb(1)-F(3)
F(5)-Sb(1)-F(1)
F(4)-Sb(1)-F(1)
F(2)-Sb(1)-F(1)
F(3)-Sb(1)-F(1)
F(5)-Sb(1)-F(6)
F(4)-Sb(1)-F(6)
F(2)-Sb(1)-F(6)
F(3)-Sb(1)-F(6)
F(1)-Sb(1)-F(6)
F(10)-Sb(2)-F(7)
F(10)-Sb(2)-F(9)
F(7)-Sb(2)-F(9)
F(10)-Sb(2)-F(8)
F(7)-Sb(2)-F(8)

1.839(8)
1.845(8)
1.851(9)
1.854(9)
1.856(10)
2.031(7)
1.844(7)
1.849(9)

95.4(4)
94.8(4)
169.9(4)
95.4(5)
89.7(4)
89.3(5)
93.6(5)
91.0(5)
88.4(5)
170.8(4)
179.9(5)
84.7(4)
85.1(4)
84.5(4)
86.4(4)
91.2(5)
90.8(5)
170.7(5)
171.3(4)
87.9(4)
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Sb(2)-F(9)

 Sbh(2)-E(8)

Sb(2)-F(11)
Sb(2)-F(6)
N(1)-N(2)
N@)-NG)
N@)-N4)
N(4)-N(@5)

F(9)-Sb(2)-F(8)
F(10)-Sb(2)-F(11)
F(7)-Sb(2)-F(11)
F(9)-Sb(2)-F(11)
F(8)-Sb(2)-F(11)
F(10)-Sb(2)-F(6)
F(7)-Sb(2)-F(6)
F(9)-Sb(2)-F(6)
F(8)-Sb(2)-F(6)
F(11)-Sb(2)-F(6)
Sb(2)-F(6)-Sb(1)
N(1)-N(2)-N(3)
N(4)-N(3)-N(2)
N(5)-N(4)-N(3)

1.849(10)
1.866(8)

- 1.866(8)
2.007(7)
1.102(19)
1.303(19)
1.295(19)
1.107(19)

88.8(5)
94.8(4)
96.7(5)
92.2(5)
93.9(4)
85.0(3)
85.9(4)
85.3(5)
86.3(4)
177.5(4)
155.0(4)
168.1(15)
111.2(11)
166.3(14)




Table. 4. Observed Infrared and Raman Spectra of Ns*SbFs’, Ns*Sb,F1;” and Ns*AsF¢™ and

" Their Assignments
obsd freq, cm™ (rel intens) assgnts (point group)----------
------------- N5+SbF6 am—- -----------N5+Sb2F| | --- '-"--—----“N;ASFG ---

IR RA IR RA IR RA N;'(C) MF¢'(Op) Sh.Fy/
3357 (v + v3 + vo)(Ba) = :
VW 3358
3334 (vi + vg)(B,) = 3323
\'A%4
3079 w 3069 w (v2 + v7)(B2) = 3077
2681 2671 vw (v; + vg)(B,) = 2682
vw
2270 m 2268 2260 m 2261 (9.0) 2270 2271 (4.4)  (vi)(Ap

9.4) m
2205s . 2205 2203 s 2202 (1.9) 2210s 2211(0.8)  (v9)(B2)
(2.0)
1921 1919 vw (vs + 3vo)(B,y) = 1914
vw
1891 1883 vw (vg + 2vo)(B,) = 1883 '
vw
1240 1366 w Comb. Comb.
VW 1288 vw bands bands
1092 1089 s 1088 s (v + vo)(B,) = 1086"
ms
1064 s 1064 s vg(B2)
902 892 vvw (vs + vg)(By) =903
VVW
871 w 872 (0.6) - 867w 866 (0.6) 872w  871(0.7) va(Ay)
835vw 837 (0+) 824vw 824 (0+) (2ve)(A,) = 828°
3 692 (5.5) '
T . 654(10) VSHE
PUVSOT 598 (1.4)
672 (1) 664 (~1)  680sh ?1698’)672 vi(Ap)
655 vs 704 vs v3(F1y)
652 (10) 686 (10) Vi(Arg)
??6 mw } vSbF
537 mw
582w 571 (0.8) 575w 579 (1.6) Vo(Ey)
497 s vSb-F-Sb
478 (0+) 470 (0+) vs(Ag)
447 w 449 w ?
425 ms 417 ms 420 sh ve(By)
412mw 416(0+) 409 sh 417 (0+) ve(B2)
295 (2.1) ]
283 sh :
272 sh 8Sb-F
231(2.0)
284 vs 394 vs va(F1)
282 (2.8) 372 (3.4) vs(Fag)
204 (5.0 200 (3.6) 209 (4.4) va(Ay)
135sh
107 (5) 97 (55 _0)} 125 (5.5) lattice vibrations

a) In Fermi resonance with vg(B,). b) In Fermi resonance with v,(Ay)




. Table 5. Comparison of Observed and Unscaled Calculated ' ’
CCSD(T)/6311+G(2d) Vibrational Frequencies (cm’ 1y and Intensities (km mol’

Land Aamu?) for N5*

approx mode description caléd freq (abs IR, Ra int) obsd freq (rel IR, RA int)
in point group Cyy
[10.0]
A, v)in-phase terminal stretches 2229 (13)  [215] 2260-2271 m
v, sym central stretch 818 0.5)  [5] 866-872 w (0.6]
Vs central bending 644 @  [1] 664-672  obsed [
v4 in-phase terminal bends 181 - (0.3) [6] 200209  -° - [4]
of- of- [0+]
A, vs out-of-phase, out-of-plane 475 o) (1] 470478 N
bend _
B, Vg in-phase, out-of-plane bend 405 (6) [0] 417-425  ms (0]
B, v;out-of-phase term stretches 2175 (105)  [42] 2203-2211 s (191
vg asym central stretch 1032 (138)  [2] 1055-1064 s [n. obsd]
Vo out-of-phase term bends 399 (1) [0.5] 4124417  mw  [04]

aObscured in infrared and interference in Ra by anion bands. bOuts1de of frequency range of our
spectrometer. '
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

- Figure 4.

Figure 5.

Figure 6.

An ORTEP diagram of Ns'"SbyF;;” showing the thermal ellipsoids at the 30%
probability level.

An ORTEP diagram showing the side view of the eclipsed Sb,F,;” anion. The
thermal ellipsoids are drawn at the 30% probability level.

Space filling representatioﬂ of N5*Sb,F;” showing the close packing of the Ns*
cation within the SbyFj; cavity.

A figure showing close range N--'F contacts within the crystal lattice of
N5*SbyFyy

Infrared spectrum of solid N5*SbFs” recorded as an AgBr pellet at room
tempgrature. The band at 498 cm'!, marked by an asterisk, is due to a small

amount of Sb,Fy;".

Raman spectrum of solid N5*SbFs’ recorded at room temperature.
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" °  SUPPLEMENTARY MATERIAL

Polynitrogen Chemistry. Synthesis, Characterization, and Crystal Structure of

Surprisingly Stable Fluoroantimonate Salts of Ns*

Ashwani Vij, " William W. Wilson, " Vandana Vij, " Fook S. Tham,® Jeffrey A. Sheehy,"
| and Karl O. Christe,*"*

Propulsion Sciences and Advanced Concepts Division, Air Force Research Laboratory

(AFRL/PRS), Edwards AFB, California 93524, Loker Hydrocarbon Research Institute

and Department of Chemistry, University of Southern California, Los Angeles, CA
90089, and Department of Chemistry, University of California, Riverside, CA 92521

Abstract

The new Ns* salt, N5+SbF5', was prepared from N,F'SbFs and HNj; in anhydrous
HF solution. The white solid is surprisingly stable, decomposing. only at 70 °C, and is
relatively insensitive to impact. Its vibrational spectrum exhibits all nine fundamentals
with frequencies that are in excellent agreement with the theoretical calculations for a
five-atomic V-shaped ion of Cy, symmetry. The N5"Sb,F);” salt was also prepared and its
crystal structure was determined. The geometry previously predicted for free gaseous Ns*
from theoretical calculations was confirmed within experimental error. The Sb,Fyy
anions exhibit an unusual geometry with eclipsed SbF, groups due to inter-ionic bridging
with the Ns* cations. The Ns* cation is a powerful one-electron oxidizer. Its electron
affinity falls between 11.0 and 12.08 eV because it readily oxidizes NO to NO* and NO, |

to NO," but fails to oxidize Xe or O,.




Table 1. Crystal data and structure refinement for NSSB2F11.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z .

Density (calculated).
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections »
Completeness to theta = 25.35°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(D)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Ns™Sb.Fyy

F11 N5 Sb2

§22.55

213() K

071073 A

Monoclinic

C2lec

a=10913(8) A o= 90°.
b =12.654(8) A p=104.72(2)°.
¢ =16.675(11) A v =90°.
2227(3) A? '

8

3.117 Mg/m?

4.995 mm

1888

0.26 x 0.10 x 0.05 mm®

2.51 t0 25.35°.

12<=h<=13, -15<=k<=15, -20<=1<=17
9125

2022 [R(int) = 0.0629]

99.6 %

SADABS

0.7883 and 0.3567

Full-matrix least-squares on £
2022/0/ 164

1122

R1 = 0.0678, wR2 = 0.1913

R1 =0.0785, wR2 = 0.2019
0.00026(18)

4.329 and -2.102 e.A7




Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)

for N5SB2F11. U(eq) is defined as one third of the trace of the orthogonalized Ut tensor.

X y z U(eq)
Sb(1) - 2327(1) 5268(1) 5963(1) 32(13
Sh(2) 1229(1) 2343(1) 6199(1) 28(1)
F(1) 930(11) 5546(9) 6373(7) 65(3)
F(2) 3187(10) 4839(8) 7017(5) 39(3)
F(3) - 3652(9) 4765(7) - 5561(6) 48(2)
F(4) 1368(9) 5453(7) 4389(5) 51(2)
F(5) v 2906(11) 6638(7) 6101(6) 64(3)
F(6) - 1691(8) | 3755(6) 5813(5) 43(2)
F(7) -17(9) 3062(8) 6548(6) 53(2)
F(8) 2340(9) 2672(7) 7217(5) 50(2)
F(9) 2592(10) 1837(9) 5844(6) 63(3) |
F(10) 190(10) 2218(6) 5142(5) 49(2)
F(11) - 854(10) ‘ 1003(6) 6539(6) 59(3)
N(D) 4750(14) 3132(16) 8389(9) 62(4)
N(2) 3965(12) 3518(11) 8581(7) 40(3)
N(3) 3138(14) 3881(10) 8954(8) 51(4)
N(4) : 2229(13) 4376(10) 8441(7) 40(3)
N(3) : 1369(14) 4828(13) 8136(8) 52(4)




Table 3. Bond lengths [A] and angles [°] for N5SB2F11.

Sb(1)-F(5) 1.839(8)
Sb(1)-F(4) 1.845(8)
Sb(1)-F(2) 1.851(9)
Sb(1)-F(3) 1.854(9)
Sb(1)-F(1) 1.856(10)
Sb(1)-F(6) 2.031(7)
Sb(2)-F(10) 1.844(7)
Sb)}E(T) 1.849(9)
Sb(2)-F(9) 1.849(10)
Sb(2)-F(8) ' 1.866(8)
Sb(2)-F(11) © 1.866(8)
Sb(2)-F(6) 2.007(7)
N(1)-NQ) 1.102(19)
N(2)-N(G) 1.303(19)
N(3)-N(4) 1.295(19)
N(4)-N(5) 1.107(19)
F(5)-Sb(1)-F(4) 95.4(4)
F(5)-Sb(1)-F(2) 04.8(4)
F(4)-Sb(1)-F(2) 169.9(4)
F(5)-Sb(1)-F(3) 95.4(5)
F(4)-Sb(1)-F(3) 89.7(4)
F(2)-Sb(1)-F3) 89.3(5)
F(5)-Sb(1)-F(1) 93.6(5)
F(4)-Sb(1)-F(1) 91.0(5)
F(2)-Sb(1)-E(1) 88.4(5)
F(3)-Sb(1)-F(1) 170.8(4)
F(5)-Sb(1)-F(6) 179909
F(4)-Sb(1)-F(6) 84.7(4)
F(2)-Sb(1)-F(6) 85.1(4)
F(3)-Sb(1)-E(6) 84.5(4)
F(1)-Sb(1)-F(6) 86.4(4)
F(10)-Sb(2)-F(7) 91.2(5)
F(10)-Sb(2)-F() 90.8(5)




F(7)-Sb(2)-F(9) C1707(5)
F(10)-Sb(2)-E(8) 171.3(4)
F(7)-Sb(2)-F(8) 87.9(4)
F(9)-Sb(2)-F(8) 88.8(5)
F(10)-Sb(2)-F(11) 94.8(4)
F(7)-Sb(2)-F(11) 96.7(5)
F(9)-Sb(2)-F(11) | 92.2(5)
F(8)-Sb(2)-F(11) 93.9(4)
F(10)-Sb(2)-F(6) . 85.0(3)
F(7)-Sb(2)-F(6) 85.9(4)
F(9)-Sb(2)-F(6) 85.3(5)
F(8)-Sb(2)-F(6) 86.3(4)
F(11)-Sb(2)-F(6) 177.5(4)
Sb(2)-F(6)-Sb(1) 155.0(4)
N(1)-N@2)-N(3) - 168.1(19)
N(4)-NR)-N(2) 111.2(11)
N(5)-N(4)-N(3) 166.3(14)

Symmetry transformations used to generate equivalent atoms.




Table 4. Anisotropic displacement parameters (A2x 10%) for NSSB2F11. The anisotrgpic

displacement factor exponent takes the form: -27?[ h? a*?Ull + ... +2hka* b* Ul2]

un U U U U3 un”
Sh(1) 46(1) 20(1) 33(1) -4(1) 16(1) -10(1)
Sb(2) 37(1) O 15(1) 29(1) 0(1) 2(1) -3(1)
F(1) 80(7) 58(6) 74(7) -15(5) 48(6) 1(5)
F(2) 73(6) 69(7) 27(4) 2(4) 0(4) -37(5)
F(3) 48(5) ~50(6) 49(5) -4(4) 19(4) -5(4)
F(4) 64(6) 43(5) 41(5) 14(4) 5(4) -8(4)
E(5) 101(8) 16(4) 73(7) -10(4) 21(6) -14(5)
F(6) 64(5) 29(4) 35(4) 1(3) 10(4) 21(4)
F(7) 63(6) . 48(6) 54(5) 0(4) 26(4) 10(5)
F(8) 63(6) 45(5) 30(4)  -1(4) -12(4) -6(4)
FO) - 526) 69(7) 70(6) -14(5) 19(5) 15(5)
F(10) 78(6) 29(4) 25(4) 2(3) -16(4) 27(4)
F(11) 80(7) 24(5) 61(6) 13(4) 2(5) 7(4)
N(1) 43(8) 103(14) 40(7) 3(8) 8(6) 8(8)
NQ@) 45(7) 46(7) 23(5) 0(5) -1(5) -6(6)
N@3) 77(10) 40(8) 39(7) 0(6) 19(7) 22(7)
N(4) 54(8) 37(7) 33(6) -2(5) 18(6) -12(6)
N(5) 51(8) 68(10) 41(7) -1(7) 18(6) 2(7)




Tgble 5. Torsion angles [°] for N5SB2F11.

F(10)-Sb(2)-F(6)-Sb(1) 156.0(13)
F(7)-Sb(2)-F(6)-Sb(1) 64.4(13)
F(9)-Sb(2)-F(6)-Sb(1) -112.8(13)
F(8)-Sb(2)-F(6)-Sb(1) 23.7(12)
F(11)-Sb(2)-F(6)-Sb(1) -118(7)
F(5)-Sb(1)-F(6)-Sb(2) 47(100)
F(4)-Sb(1)-F(6)-Sb(2) » -154.6(13)
F(2)-Sb(1)-F(6)-Sb(2) 25.4(12)
F(3)-Sb(1)-F(6)-Sb(2) 115.2(13)
F(1)-Sb(1)-F(6)-Sb(2) - ‘ -63.3(13)
N(1)-N(2)-N(3)-N(4) -173(8)

N(2)-N(3)-N(4)-N(5) ' -179(100)

Symmetry transformations used to generate equivalent atoms.




Table 6 - Contact Distances(Angstrom) for NSSB2F11
Sbl N3a 3830(14) F8 F2  2940(14)
Sbl FlLb 383(11) F& N1 2909(1%)
Sb2 F5.c 3.697(12) F8 N2 o 2.723(15)
Pl N5 299718 F8 N3 3.195(15)
FI Nsd 2972 F8 N4 2993(15)
Fl Fd4e 310415 F9 N5j 3.08(19)
P2 P8 2040(14) F9 F3h  3.135(14)
g N2 3032015 FI0 NIk 2.874017)
F1 N4~ 2887(16) FI0 N2k  2.768(15)
F2 N5 3.049(18) F10 N3 k- 2.936(17)
B2 F11f 2790(13) Fll Sblc 3.837(11)
F3 Nilg 297(2) FlI Fic 2.983(14)
F3 N2g 3063017 Fll F2l  2790(13)
F3 N3a 23109(16) FIl N2j  3.160(16)
F3 Fllb 2983(14) Fll N3j 3.091(16)
F3 Foh 3.35(14) Fll N4j 2929(17)
F4 Fle 310415 NI F§  2909(18)
FA4 F7e 310713 N1 N4 3.192)
F4 N3a 2899(18) NI Fim 2970
F4 N4a 281315 NI Nig 3150
F4 NS.a 294516) N1 Fl0n 287417)
F5 Sb2b 3.697(12) N2 F2 3.032(19)
Fs F7b 2843(15 N2 F3 2723015
Fs N3i 3.051(16) N2 N5 3.200)
F7 NAd 293517 N2 Fim  3.068(17)
F7 Ns.d 280119) N2 FULf 3.160(16)

F7 F4e 3.10713) N2 Flon 2768(14)




_°F7 F5.c 2843(15) N3 F§  3.195(15)
N3 Sblo 3.830(14) N4 Fdo 231319
N3 F3o 3.109(16) N4 (Flif 2929(17)
N3 F4o 2.899(18) N5 F1  2.997(18)
N3 F51 3.051(16) N5 F2 3.049(18)
N3 FILf 3.001(16) N5 N2 = 320Q2)
N3 Flon 293617 N5 Flp 2972
N4 F2  2.887(16) N5 F7p 2.801(19)
N4 F8  2993(15) N5 N5d 3191
N4 NI 3.192) N5 Féo 2945019

N4 F7p 2935(17) N5 F9_f 3.108(19)

Translation of Symmetry Code to Equiv.Pos

a=[ 4564.00] =x,1-y,-1/2+z

b=[ 5555.00] = 1/2+x,1/2+y,z
c=[ 5445.00 ] =-1/2+x,-1/2+y,2
d=[ 2556.00] =-x,y,3/2-z

e=[ 3566.00] =-x,1-y,1-z

£=[ 6556.00] = 1/2-x,1/2+y,3/2-2
g=[ 2656.00] = 1-x,y,3/2-z

h=[ 7556.00] =1/2-x,1/2-y,1-z
i=[ 6556.00] = 1/2-x,1/2+y,3/2-2
j=[ 6546.00) = 1/2-x,-1/2+y,3/2-Z
k=[ 8454.00] =-1/2+x,1/2-y,-1/2+z
=] 6546.00] = 1/2-x,-1/2+y,3/2-2
m=[ 2656.00] =1-xy,3/2-z
n=[ 8555.00] = 1/2+x,1/2-y,1/2+z
o=[ 4565.00] =x,1-y,1/2+z

p=(

2556.00] =-x,y,3/2-z
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